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Marine phytoplankton contributes to about one half of global primary production, and a 23 significant proportion of their photosynthetically fixed organic carbon is released after viral 24 infection as dissolved organic matter (DOM). This DOM pool is known to be consumed by 25 heterotrophic microorganisms; however, its impact on the uninfected co-occurring phytoplankton 26 remains largely unknown. Here, we conducted transcriptomic analyses to study the effects of 27 viral lysis products on the unicellular cyanobacterium Prochlorococcus, which is the most 28 abundant photosynthetic organism on Earth. While Prochlorococcus growth was not affected by 29 viral lysis products, many tRNAs increased in abundance, which was also seen after amino acid 30 addition, suggesting that amino acids are one of the compounds in viral lysis products that 31 affected the expression of tRNA genes. The decreased transcript abundances of N metabolism 32 genes also suggested that Prochlorococcus responded to organic N compounds, consistent with 33 abundant amino acids in viral lysis products. The addition of viral lysis products to 34
Prochlorococcus reduced the maximum photochemical efficiency of photosystem II and CO 2 35 fixation while increased its respiration rate, consistent with differentially expressed genes related 36 to photosynthesis and respiration. One of the highest positive fold-changes was observed for the 37 6S RNA, a non-coding RNA functioning as a global transcriptional regulator in bacteria. The 38 high level of 6S RNA might be responsible for some of the observed transcriptional responses. 39
Taken together, our results revealed the transcriptional regulation of Prochlorococcus in 40
response to viral lysis products and suggested its metabolic potential to utilize organic N 41 compounds. To resolve the biological functions of these differentially expressed genes, we grouped them 147 into functional categories (KEGG in Figure 1B and COGs in Supplementary Figure 1) . Other 148 than genes of unknown function, the most abundant functional category was translation (tRNA 149 and ribosomal protein genes) and the second most abundant was energy metabolism 150 (photosynthesis and respiration genes) ( Figure 1B, Supplementary Figure 1) . Interestingly, genes 151 in these two categories were found to be differentially expressed when Prochlorococcus cells 152
were infected by cyanophages (Lindell et al., 2007; Doron et al., 2016; Lin et al., 2016 ; 153 Thompson et al., 2016) . In these infection experiments, it had to remain unclear whether the 154 transcriptional responses were caused solely by infectious phage particles, since viral lysis 155 products were also added to the uninfected cultures. After examining genes in the functional 156 categories membrane transport and amino acid metabolism ( Figure 1B) , we found that genes 157 related to nitrogen (N) metabolism were especially affected. In the following sections, we 158 present our detailed analysis of these differentially expressed genes. 159 160 tRNA and ribosomal protein genes 161
After vDOM addition, 31 out of 43 tRNA genes showed increased transcript abundances 162 (Supplementary Figure 2A) . Not much is known about the transcriptional regulation of tRNA 163 genes in cyanobacteria, but in E. coli cells tRNA abundances increased after amino acids were 164 added (Dong et al., 1996) . The tRNA aminoacylation level (charging level) in E. coli is also 165 positively correlated with amino acid concentrations in the growth medium (Dittmar et al., 166 2005) . To test whether amino acids can increase the tRNA abundances of Prochlorococcus9 MIT9313, we added glycine to Prochlorococcus MIT9313 and used RT-qPCR to detect the 168 expression levels of tRNA-Gly1, which is the only differentially expressed tRNA gene that is 169 long enough for qPCR measurement. Glycine did not affect the growth rate of Prochlorococcus 170 Figure 3) , which was previously observed in Prochlorococcus PCC 171 9511 (Rippka et al., 2000) . However, similar to vDOM (Figure 2A ), glycine addition increased 172 the transcript abundances of tRNA-Gly1 ( Figure 2B ), suggesting that amino acids are one of the 173 compounds in vDOM that affected the expression of tRNA genes. Interestingly, while the tRNA 174 abundances for 16 amino acids increased, those for aspartic acid, histidine, and tryptophan did 175 not change significantly, and those for isoleucine decreased (Supplementary Figure 2A) . This 176 suggested that the tRNA genes of these four amino acids might be regulated by different 177
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mechanisms. 178
Out of the 57 annotated ribosomal protein genes, five showed increased transcript 179 abundances after vDOM addition, while 14 showed decreased abundances (e.g., rplE, Figure 2A ; 180 Supplementary Figure 2B ). Amino acids might also be responsible for this transcriptional 181 response, since glycine addition decreased the rplE mRNA abundance ( Figure 2B ). Our 182 interpretation of the transcriptional responses of ribosomal protein genes is that they are less 183 likely to cause a dramatic change in the number of ribosomes per cell, since vDOM or glycine 184 addition did not affect the growth rate of Prochlorococcus MIT9313 ( Figure 1A , Supplementary 185 Figure 3) . Recently, the relative transcript abundances of ribosomal proteins were used to assess 186 the in situ growth rates of marine bacteria (Gifford et al., 2013) , and our results suggested that 187 this method could be affected by the DOM concentration at the sampling site. Table 1 ). Curiously, an amino acid transporter gene proP showed increased transcript 249 abundances ( Figure 4C ). E. coli up-regulates proP transcription in high osmolality environments 250 to enhance its uptake of proline and glycine betaine to avoid dehydration (Kempf and Bremer, 251 1998). As an adaptation to saline environments, Prochlorococcus MIT9313 has been found to 252 accumulate glycine betaine and sucrose as the major compatible solutes (Klahn et al., 2010) . 253
Hence, it is possible, that the upregulated ProP system contributes to the pool of intracellularly 254 accumulated solutes when glycine betaine becomes available in the environment, e.g. due to viral 255 lysis of the surrounding bacteria. 256
257
The global transcriptional regulator 6S RNA 258
The 6S RNA abundance increased ~13 fold at 0.5 h after vDOM addition, exhibiting the 259 highest positive fold-change of all genes during some of the sampling points and remained 260 13 highly expressed over the entire 72 h experimental period ( Figure 5A , Supplementary Table 2) . 261
The 6S RNA is a non-coding small RNA (sRNA) that was first characterized in E. coli 262 (Wassarman and Storz, 2000) . In cyanobacteria, the 6S RNA was initially named Yfr7 and its 263 coding gene ssrS is identified in all the sequenced marine cyanobacterial genomes ( Prochlorococcus MIT9313 by ~16%, which was also reduced by amino acid addition (~32%). 291
This effect might be important for marine carbon cycling, considering that Prochlorococcus is 292 the dominant primary producer in many oligotrophic oceans. Furthermore, our study showed that 293 the 6S RNA was highly expressed after vDOM addition and we suggested that this global 294 transcriptional regulator may regulate the transcriptional responses of Prochlorococcus MIT9313 295 to the availability of organic nutrients. 296
It should be noted that our study was conducted using the low light-adapted 297
Prochlorococcus strain MIT9313 under nutrient-replete conditions. Thus, our study might only The growth medium Pro99 (control) or glycine (800 µM) were added to N-replete log-phase 391 Prochlorococcus MIT9313 cultures. Cell concentrations were measured by flow cytometry and 392 were used to calculate the growth rates (µ). Error bars indicate the standard deviations of three 393 biological replicates and are smaller than the data point when not apparent. Note that 394
Prochlorococcus MIT9313 showed different growth rates in the Pro99 media used in this figure  395 and in Figure 1A , which were made of natural seawater collected in different seasons. 396
Supplementary Figure 4. Transcript abundances of photosynthesis and respiration genes 397
RNA-seq data shows log2 fold change of transcripts (vDOM addition/control). A dotted line 398
indicates log2 fold change = 0. Filled symbols indicate adjusted P values < 0.1. 399
Supplementary Figure 5. Carbon fixation rates of Prochlorococcus after DOM 400 amendments 401
Mid-log Prochlorococcus MIT9313 cultures were amended with vDOM, glycine or the Pro99 402 culture medium. At the same time, NaH 13 CO 3 was also added to the cultures. Photosynthetic 403 production (fg C cell −1 ) was calculated using the 13 C method (see Materials and Methods). Since 404 photosynthetic production increased linearly over incubation time (r 2 > 0.9 in all the cultures), 405 photosynthetic carbon fixation rates (fg C cell −1 h −1 ) were estimated by linear-fitting 406 photosynthetic production against incubation time and were shown in each graph. Data shown 407 are from three biological replicates. 408
Supplementary Table 1. Concentrations of total combined amino acids 409
The total concentrations of several amino acids are shown in groups because of overlapping 410 signals during HPLC-FLD measurements (leucine, isoleucine, and phenylalanine in one group, 411
and glutamine and asparagine in another group). Concentrations of alanine, cysteine, proline, and 412 tyrosine could not be measured using our method due to the low resolutions of individual amino 413 20 acid standards. Data are mean ± standard deviation of four biological replicates. In the Pro99 414 growth medium, amino acids were not detected (ND). 415
Supplementary Table 2. Differentially expressed Prochlorococcus MIT9313 genes 416
Transcript abundances of the vDOM amended cultures were normalized to those of the control 417 cultures amended with the Pro99 growth medium. For each log2 fold change, * indicates a 418 significant change (adjusted p-value < 10%, and log2 fold change bigger than 1 or smaller than -419 1). 420 
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Materials and Methods
425
Cultivation of Prochlorococcus and Synechococcus 426
Axenic Prochlorococcus MIT9313 and Synechococcus WH8102 cultures were grown in 427 polycarbonate bottles (Nalgene) with the Pro99 medium ( 
Measurements of total combined amino acids 460
Dissolved proteins in vDOM were concentrated using a centrifugal filter unit (10 KDa 461 cutoff, Amicon). The resulting protein concentrates from 50 mL vDOM were dissolved in ~300 462 µL ultrapure water, and were hydrolyzed using 5 μg protease XIV (Sigma) at 37°C for 16 h as 463 concentrations of amino acids in the Pro99 growth medium were measured using the same 468 method and were all below the detection limit (Supplementary Table 1) . 469 470 vDOM addition into Prochlorococcus MIT9313 cultures 471
In the oceans, ~15% of cyanobacteria are infected by cyanophages at any given time 472 (Proctor and Fuhrman, 1990) , and hence ~85% uninfected cyanobacteria are exposed to the 473 DOM released by the infected cells. To mimic this effect, vDOM was added to mid-log phase 474
Prochlorococcus MIT9313 cultures at a volume/volume ratio of 1:4 and the cultures were then 475 incubated under continuous light. In the control cultures, the growth medium Pro99 was added at 476 a 1:4 ratio. 477
478
RNA-seq library construction 479
With two biological replicates for each DOM amendment, cultures were collected at 0.5, 1, 480 2, 4, 8, 12, 24, 48, and 72 h after DOM addition. About 40-80 mL Prochlorococcus culture was 481 spun down at 15,000 g for 15 min at 4°C, and cell pellets were flash frozen in liquid nitrogen and 482 stored at -80°C. The mirVana RNA isolation kit (Ambion) was used to extract total RNA from 483 cell pellets and the Turbo DNA-free kit (Ambion) was used to remove residual genomic DNA. 
Data availability 496
The raw reads of RNA-seq data have been submitted to the European Nucleotide Archive 497 (http://www.ebi.ac.uk/ena) under project number PRJEB22768 (ERP104472). Sample accession 498 numbers are listed in Supplementary Table 3 . 499 500
RNA-seq data analysis 501
After Illumina sequencing, reads were separated based on their barcodes and their quality 502 was assessed by FastQC (www.bioinformatics.babraham.ac.uk/projects/fastqc). The resulting 503 clean reads were mapped against the Prochlorococcus MIT9313 genome using the Burrows-504
Wheeler Aligner (BWA) (Li and Durbin, 2009 ). HTSeq (Anders et al., 2015) was then used to 505 calculate the number of reads perfectly aligning to the sense and antisense strands of ORFs, 506 rRNAs, tRNAs, and intergenic regions. For reads spanning two ORFs, they were counted once 507 for each ORF. Reads that mapped to the 16S and 23S rRNA genes were removed manually from 508 the total reads before further analysis. Among the 2,765 annotated genes, over 98.8% were found 509 to be transcribed in at least one sample, and 93.2% of the transcribed genes had a sequencing 510 depth of more than 10 times, which indicated a thorough coverage. For each sample, the numbers 511 of mapped reads per gene are listed in Supplementary 
Identification and functional categorization of differentially expressed genes 516
The DESeq2 package (Love et al., 2014) in R (www.R-project.org) was used to identify 517 differentially expressed genes with default parameters. For each sample, DESeq2 first 518 normalized the number of reads per gene to the total number of mapped non-rRNA reads in that 519 sample. DESeq2 then compared the normalized gene expression levels in the DOM amended 520 samples to those in the control samples amended with the growth medium Pro99. We considered 521 a gene as differentially expressed after DOM amendment if its transcript abundances showed a 522 fold change ≥ 2 in either direction and an adjusted P value < 0.1. Adjusted P values were 523 calculated by DESeq2 using the Benjamini-Hochberg procedure (Love et al., 2014) . 524
Differentially expressed genes are listed in Supplementary Table 2 . 525
The Kyoto Encyclopedia of Genes and Genomes (KEGG) database of Prochlorococcus 526 In Figure 2B , vDOM, glycine (diluted in Pro99), or Pro99 was added to mid-log 536
Prochlorococcus MIT9313 cells at a volume/volume ratio of 1:4. The final glycine concentration 537 was 800 µM. At 24 h after DOM addition, cells were collected by centrifugation. The relative 538 transcript abundances of tRNA-Gly1 and rplE genes were measured by quantitative reverse 539 transcription PCR (RT-qPCR) following a previous protocol (Lin et al., 2016) . Briefly, after 540 RNA extraction and reverse transcription, cDNA copies were quantified using a QuantiTect 541 SYBR Green PCR Kit (QIAGEN) with 0.5 μM forward and reverse primers (see Supplementary 542 Table 5 for primer sequences). The relative transcript abundances of tRNA-Gly1 and rplE genes 543 were normalized to those of the host rnpB gene (Lindell et al., 2007; Zeng and Chisholm, 2012) . 544
545
Carbon fixation rate 546 vDOM, glycine (diluted in Pro99), or Pro99 was added to mid-log Prochlorococcus 547 MIT9313 cells at a volume/volume ratio of 1:4 (this was also done before the measurements of 548 F v /F m and respiration). The final glycine concentration was 800 µM. Immediately after DOM 549 amendments, freshly prepared 1 M NaH 13 CO 3 was added to the cultures at a final concentration 550 of 6 mM. At 0, 4, 8, 12 and 24 h after NaH 13 CO 3 addition, 50 mL culture was centrifuged at 4°C 551 at 20,000 g for 5 min. Cell pellets were washed twice with 50 mL Milli-Q water to remove 552 extracellular NaH 13 CO 3 . Cell pellets were then transferred to a 1.5 mL Eppendorf tube and 553 subjected to freeze-dry for 1-2 h. The freeze-dried pellet was washed with 200 μL hydrochloric 554 acid (5%) for less than 5 min to remove intracellular inorganic carbon. Acid was removed after 555 centrifugation and the cell pellet was washed twice by ultrapure water (200 μL water for the first 556 wash and 400 μL for the second). Cell pellets were freeze-dried, weighted, and wrapped in tin 557 27 capsules.
13
C and total carbon measurements were done by the Stable Isotope Facility of the 558
University of California at Davis. 559
Photosynthetic carbon fixation rate was calculated based on the intracellular 13 C 560 measurements (Hama et al., 1983) . Briefly, the photosynthetic carbon fixation rate P (fg C cell −1 561 h −1 ) can be obtained using the equation below: 562
Here, a es , a ns and a ic are the atom percentages of 13 C over total carbon in the experimental 563 samples, natural organic samples, and natural total inorganic carbon, respectively. C is the 564 particulate organic carbon (POC) in the experimental samples (fg C cell −1 ), ΔC is POC increase 565 during NaH 13 CO 3 incubation (fg C cell 
Photosystem II photochemical efficiency 574
The maximum PSII photochemical efficiency of mid-log Prochlorococcus MIT9313 was 575 measured using a fluorometer (PSI FL 3500, Photon Systems Instruments, Czech Republic) with 576 the fast repetition rate (FRR) fluorescence technique (Kolber et al., 1998) . Prior to each 577 measurement, 2 mL culture was loaded into a 10 × 10 mm cuvette and dark-adapted for 10 min, 
Measurement of respiration rate 586
The respiration rate was obtained by measuring the oxygen consumption of 587
Prochlorococcus MIT9313 in the dark, using a FireSting Optode sensor controlled through the 588
Oxygen Logger software (PyroScience, Germany). Prior to measurements, 10 mL culture was 589 loaded into a chamber in a customized acrylic vial, which is connected to a circulating 590 
